Individuals with developmental dyslexia vary in their ability to improve reading skills, but the brain basis for improvement remains largely unknown. We performed a prospective, longitudinal study over 2.5 y in children with dyslexia (n = 25) or without dyslexia (n = 20) to discover whether initial behavioral or brain measures, including functional MRI (fMRI) and diffusion tensor imaging (DTI), can predict future long-term reading gains in dyslexia. No behavioral measure, including widely used and standardized reading and language tests, reliably predicted future reading gains in dyslexia. Greater right prefrontal activation during a reading task that demanded phonological awareness and right superior longitudinal fasciculus (including arcuate fasciculus) white-matter organization significantly predicted future reading gains in dyslexia. Multivariate pattern analysis (MVPA) of these two brain measures, using linear support vector machine (SVM) and cross-validation, predicted significantly above chance (72% accuracy) which particular child would or would not improve reading skills (behavioral measures were at chance). MVPA of whole-brain activation pattern during phonological processing predicted which children with dyslexia would improve reading skills 2.5 y later with >90% accuracy. These findings identify right prefrontal brain mechanisms that may be critical for reading improvement in dyslexia and that may differ from typical reading development. Brain measures that predict future behavioral outcomes (neuroprognosis) may be more accurate, in some cases, than available behavioral measures.
D
evelopmental dyslexia, which occurs in 5-17% of children, is a persistent difficulty in learning to read that is not explained by sensory deficits, cognitive deficits, lack of motivation, or lack of adequate reading instruction (1) . Approximately one-fifth of individuals with developmental dyslexia manage to compensate for their underlying learning difficulties and develop adequate reading skills by the time they reach adulthood (2), but the mechanisms by which this compensation occurs remain largely unknown. Improved reading observed in developmental dyslexia is rarely complete, but instead refers to a level of reading superior to clinical cutoff scores that closes the gap between poor reader and typical readers, and that allows children to read adequately for purposes of learning. Many factors likely influence whether dyslexic children make substantial progress in reading, including access to educational resources and interventions, and neuropsychological and behavioral characteristics (reviewed in refs. 3 and 4) , such as whether children have multiple deficits (e.g., in both rapid naming and phonological processing; ref. 5) . A number of studies have examined neuropsychological, behavioral, and demographic predictors of developing dyslexia (e.g., refs. 6-8) and short-term response to intervention (RTI) (3, 4) , but there is little evidence about long-term compensation toward adulthood. Here, we asked whether neuroimaging indices of brain function, measured by functional magnetic resonance imaging (fMRI), or brain structural connectivity, measured by diffusion tensor imaging (DTI), predict long-term reading improvement in children with dyslexia.
Functional neuroimaging studies of dyslexia have focused mainly on identifying the neural correlates of dyslexia but have also identified neural systems that could mediate successful remediation. Multiple imaging studies have reported hypoactivation in children and adults with dyslexia during reading-related tasks, especially those that demand phonological analysis of print, in left parietotemporal and occipitotemporal regions (9) (10) (11) (12) (13) (14) (15) (16) (17) . Many studies have also reported hyperactivation in dyslexia, most often left and right inferior frontal gyri (IFG) (10, 12, (18) (19) (20) (21) (22) (23) (24) . Such hyperactivation may reflect compensatory processes engaged by individuals with dyslexia attempting to overcome dysfunctions in left posterior cortical areas subserving phonological and orthographic processes. Supporting this possibility is the finding that ventral IFG activation increased with age in children with dyslexia, who may be developing compensatory abilities, but not in typical readers (19) . These findings raise the possibility that children with dyslexia make progress in reading by relying on an atypical involvement of IFG regions for reading. This possibility can be evaluated prospectively by testing the hypothesis that greater involvement of the IFG in reading predicts future long-term gains in reading for children with dyslexia.
We conducted a prospective, longitudinal study to examine whether functional (fMRI) or structural (DTI) brain measures could predict reading improvement in dyslexia over a 2.5-y period and how such brain-based measures compared with conventional behavioral measures. At the start of the study, we assessed reading on standardized tests of reading and language and performed neuroimaging in 25 children with dyslexia and 20 children without dyslexia (Table S1 ). During fMRI, participants performed a printed-word rhyme judgment task designed to invoke the phonological analysis of orthographic input that is thought to be a core deficit in dyslexia (1) . Then, we reassessed reading on standardized tests 2.5 y later and asked what brain or standardized reading measures taken at baseline predicted how much a child's reading skills would improve by using change in a standard measure for single-word reading accuracy, using as the outcome measure the change in Woodcock Reading Mastery Test Revised (WRMT) Word Identification Subtest standard score per year. In addition, we examined typically reading children to ask whether the results were specific to dyslexia or more generally related to gains in reading ability over time.
We performed univariate and multivariate pattern analyses (MVPA). For univariate fMRI analyses, we examined potential compensatory neural systems in two regions of interest (ROIs), the left and right inferior frontal regions, because previous imaging studies reported age-related increase in brain activation in dyslexia or increase with successful intervention (19, 25) . For DTI, left and right superior longitudinal fasciculus [SLF, including arcuate fasciculus (AF)] were chosen on an a priori basis because of its known left-hemisphere role in language processing and reading, its connection to the ventrolateral prefrontal and parietotemporal language systems (26, 27) , and its disruption in dyslexia (28, 29) (note, however, ref. 30) .
MVPA of fMRI data involves whole-brain pattern classification with, for example, a support vector machine (SVM) aimed at decoding information in the pattern of activation across all voxels that may distinguish between two classes, namely those children with dyslexia who exhibited substantial gains in reading vs. those children who did not over the next 2.5 y. MVPA often appears more sensitive to group or condition contrasts than traditional univariate analyses (31, 32) . Because such analyses can over-fit particular datasets, we used a leave-one-out method in which each individual's activation values are analyzed by the pattern classification defined by the other individuals, so that the pattern classification generalizes to each new individual (33) . We also adopted a recursive feature elimination (RFE) procedure (34) , where features (e.g., voxels) that contributed little would be recursively eliminated until the optimal pattern that gives maximal performance is obtained. We then asked whether MVPA of fMRI was better than the MVPA of behavioral measures or MVPA of results from univariate imaging analyses in predicting long-term outcome.
Results
Demographics and Behavioral Results. Demographic information and behavioral results are reported for all participants (Table S1 and Fig. 1 ) and for age-matched groups ( Univariate fMRI Results. Most subjects (i.e., those who met the current inclusion criteria for typical and poor readers, see Table S1 for the numbers) were included in a prior cross-sectional whole-brain comparison of typically developing and dyslexic children, and between-group comparisons can be found there (17) . Here, we examined as a priori regions of interest (ROIs) the left and right IFG areas that are candidates for compensatory activation in dyslexia. In the dyslexic group, singleword reading improvement over 2. Fig. 2 A and B] . The right IFG region was the only cluster that showed positive correlation with gains in singleword reading when the whole brain was examined by using a more lenient threshold of P = 0.001 uncorrected. No region showed a significant negative correlation. Activation in right IFG did not show a significant correlation across individuals in the dyslexic group with Time 1 single-word reading skills (r = −0.17, P = 0.43). Activation in right IFG (x = 44, y = 31, and z = −2, t = 3.25, P = 0.05 SVC, r = 0.51) and left IFG (x = −30, y = 33, and z = −3, t = 3.15, P = 0.05 SVC, r = 0.47) correlated positively with age in dyslexia. Controls showed no significant correlations between baseline brain activations and future gains in reading skill in the two ROIs or elsewhere even when wholebrain was examined at a lenient threshold of P = 0.001 uncorrected ( Fig. 2 A and B) . MVPA Results. For MVPA, children with dyslexia were divided into two groups based on whether they were above or below the median for improvement in single-word reading skills over the next 2.5 y relative to their age (Table S1 and Whole-brain MVPA was performed in the dyslexic group with voxel intensities of whole-brain contrast images (rhyme > rest) as features to examine whether whole-brain activation patterns could discriminate between those who gained more versus less in reading ability (results of comparable univariate analysis are in SI Results). Classification accuracy using MVPA between those who improved more versus less was 92% ( Fig. 2A) , which was significantly better than chance (P < 0.001), and other MVPA results including those of behavioral measures (P < 0.001; Fig.  S1 ) of univariate fMRI analysis, i.e., right IFG activation (P < 0.001); of univariate DTI analysis, i.e., right SLF white matter integrity (P < 0.001); or of a combination of fMRI and DTI univariate results (P = 0.045) (SI Results). Distance of each point (i.e., subject) from the hyperplane (hyperplane instead of a line since there are more than two features) that optimally bisects between those who improved more in reading versus those who improved less when using whole brain fMRI activation patterns showed significant positive correlation with gains in reading ability (slope-WID[ss]; r = 0.73, P = 0.00004; Fig. 3B ). Voxels contributing to the classification included regions in right IFG (which overlapped with the cluster from the univariate fMRI analysis) and left prefrontal cortex with positive weights (positive weights indicate that there were more activation as a pattern in those who showed reading gain) and left parietotemporal region with negative weights (Fig. 3 C and D and Table S4 ). Adding behavioral measures to fMRI and DTI measures or to wholebrain patterns did not significantly improve classification accuracy (p > 0.1) and instead reduced accuracy to 48% and 80%, respectively. Results were similar when RFE was not used to reduce features. Results were also similar when children were divided into groups who improved (positive slope-WID values) versus those who did not improve (zero or negative slope-WID values) were compared.
Discussion
This study revealed that variation in brain function and structure predicted long-term reading improvement in children with dyslexia. Children with dyslexia who at baseline showed greater activation in the right IFG during a rhyme-judgment task and stronger white matter integrity in the right SLF (including AF) showed greater reading improvement over the next 2.5 y. This brain mechanism appears to be specific to dyslexia rather than reflecting growth in reading ability more generally, because typical readers did not show this pattern. Further, patterns of brain activation across the whole brain predicted future reading gains in children with dyslexia significantly better than the combination of right IFG activation and right SLF white matter integrity, which, in turn, performed better than using either of these brain measures alone. The recruitment of right frontal regions in children with dyslexia may provide a mechanism for enduring improvement that promotes relatively successful reading development. The power of the brain measures to predict future reading gains in children with dyslexia (>90% accuracy) may be contrasted with the finding that none of 17 widely used standardizes measures of reading and language predicted reading gains in these children.
In regards to reading pathways, it appears that dyslexic readers who showed gains in reading did so by depending on a righthemisphere pathway, in contrast to the left-hemisphere pathway that characterizes typical reading. These results are in agreement with the apparent role of right IFG in compensating for problems in learning to read (19) . Further, the right IFG activation correlated positively with age in the dyslexic group, consistent with findings by Shaywitz et al. (19) , suggesting that this region plays an increasing role over time in dyslexic children. Indeed, whereas typical reading development appears to involve a shift from right-hemisphere to left-hemisphere involvement (35) , gains in reading in dyslexia appear to involve greater dependence on right-hemisphere pathways. Neuroimaging studies examining the neural correlates of effective interventions have reported both a growth of activation in posterior left-hemisphere regions that are typically hypoactive in dyslexia ("normalization"), and also a growth of activation in right-hemisphere regions, including right IFG ("compensation") (24, (36) (37) (38) (39) .
In one study, right-hemisphere plasticity was not apparent after one year of remediation, but was apparent a year later, as if enduring gains in reading involved the right prefrontal cortex (24) . It remains to be learned whether the apparent importance of right IFG in reading gains in dyslexia reflects plasticity in that region, plasticity in other regions, or plasticity in a larger network including right IFG.
A retrospective study addressed the neural substrates of compensation by comparing adolescents with dyslexia who were compensated readers versus persistent poor readers (i.e., failed to compensate) (40) . Activation in the right superior frontal gyrus (SFG) for a phonological task was greater in compensated compared with persistently poor readers (in the present prospective study, the greater activation for readers who would progress to compensation versus readers who would remain persistently poor readers occurred in another right frontal gyrus, the right IFG). Further, in the retrospective study, activation in right IFG was greater in both compensated and persistently poor readers than to typical readers. Thus, both studies point to the atypical importance of right prefrontal cortex in dyslexia in older children and young adults for reading and for differential progress in reading.
The integrity of white matter in the right SLF, as indexed by FA values in DTI, predicted future reading gains in dyslexic children. This white-matter pathway includes fibers that connect ventrolateral prefrontal (Broca's area in the left hemisphere) and parietal and temporal regions (Wernicke's area in the left hemisphere) either through direct or indirect pathways (27) and, thus, may play important roles in language and reading. The high correlation between right prefrontal activation and SLF integrity suggests that these measures of right frontal function and structure, respectively, may be two facets of a common developmental mechanism in right prefrontal cortex in dyslexia. Studies contrasting white-matter connectivity between typical and dyslexic readers have often reported reduced FA in dyslexic readers in or near the left SLF (28, 29) . Several studies have also reported a positive correlation between reading skill and left-hemisphere white-matter pathways in typically developing children with a wide-range of reading ability (26, 28, 29, 41, 42) , and we also found such a correlation in left SLF in typical readers. Thus, although specific findings vary across studies, the integrity of left-hemisphere white-matter pathways as measured by FA are associated with better reading skill in both typical and dyslexic children, and here we found that right-hemisphere SLF integrity is associated with gains in reading in dyslexic children (but unrelated to reading gains in typical children).
The ability to predict future reading gains in dyslexia with neuroimaging evidence is noteworthy in several regards. First, widely used and standardized measures of reading and language failed to predict future reading gains in dyslexia, although it is possible that there are behavioral measures not included here that may predict outcome (e.g., ref. 43) . It is also unknown whether the fMRI contrast in the present study was optimal for making predictions. The contrast between phonological judgments for printed words and rest is a blunt contrast that includes many reading processes, and it is unknown whether more precise contrasts that isolate specific reading skills (e.g., orthographic or phonological processes) would increase or decrease prediction accuracy. Second, the combination of just two measures, right IFG activation and right SLF FA values, predicted reading gains over 2.5 y with well above-chance accuracy (72%) and significantly better than using either measure alone in children with dyslexia. The brain regions examined were selected on the basis of the prior literature, so these findings may generalize to the dyslexic population. Third, multivariate patterns of brain activation over the whole gray matter predicted reading gains with >90% accuracy. Classification accuracy of reading gains occurred in an independent sample (test-set) rather than the training-set used to construct a classifier, so that the model (classifier) is likely to generalize, at least more reliably than typical regression analyses where crossvalidation is not performed. The fact that there was a significant association between the distance from the hyperplane of the classifier that bisects the two dyslexic groups and change in reading scores further supported the validity of the classifier and reduced the likelihood that the results are due to artifacts.
This study provides evidence that identifying neuroimaging patterns can predict future gains in reading in dyslexia better than behavior, but with several caveats. First, we studied children with well-documented and persistent dyslexia around 14 y of age at the beginning of the study. Future studies involving younger children can determine whether such brain measures predict reading progress in younger prereaders or early readers. Second, we followed these children for 2.5 y, and future studies can examine even longer-term outcomes. Third, our comparison between children with and without dyslexia included group differences on age, IQ, and fMRI task performance. We controlled for these factors in subsidiary analyses that produced similar findings (SI Results). Importantly, there were no such differences between the children with dyslexia who improved versus those who did not improve, so these factors could not have influenced predictions of reading gains within the dyslexic children. Fourth, although we made efforts to minimize the effect of regression to the mean by choosing different measures for identifying those with dyslexia versus predicting reading outcome, there is always a possibility of regression to the mean. In this context, this interpretation would suggest that the initial 17 behavioral measures had overestimated randomly the severity of dyslexia in the group who appeared to advance over the next 2.5 y. Overall this interpretation seems unlikely, because dyslexia is not a fluctuating disorder, and scores were highly correlated across many tests. If, however, the results were driven by regression to the mean, the finding would still be important because the brain measures then would still be more accurate for identifying which children were initially misdiagnosed than any behavioral or other known measure. Fifth, some children with dyslexia received various types of remediation between our two measurement points (e.g., tutoring, commercial reading programs), but receiving remediation did not affect how much a child improved in their reading abilities (SI Results). Children were not randomly assigned to treatment, however, so these findings may be related to biases in regards to which children received interventions. Future studies could control for intervention effects and include large samples where the effect of intervention could be examined separately. Sixth, although the magnitude of right IFG correlated with reading gains over the next 2.5 y, the role of right IFG in improved reading or persistent poor reading at the end of the 2.5 y was not directly measured and is therefore unknown, although there is evidence that right prefrontal cortex continues to play an atypically important role in phonological awareness in poor readers into young adulthood (40) . Finally, although we performed cross-validation analysis to maximize the possibility that the models will generalize to new independent samples, further studies will be needed to determine whether these findings extend to a broad range of children with dyslexia by applying this classifier to a new independent sample defined similarly and using the many different selection criteria available.
Brain imaging studies of dyslexia have shown some predictive power, although prior studies did not identify specific brain mechanisms as in the present study. Evoked-response potentials (ERP) measured with newborns from families with a risk for reading difficulty have correlated with language and reading scores years later (44) . ERPs in prereading children with familial risk added significantly to behavioral measures in predicting reading outcome in prereading children, but only the ERP measure predicted reading ability 5 y later (45) . Gains in phonological decoding across a school year in poor readers were predicted similarly by behavioral and MRI measures, but the combination of behavioral and brain measures predicted gains significantly better than either measure alone (46) . Two educational implications arise from these findings. First, it appears that gains in reading for dyslexic children reflect, at least in part, different neural mechanisms and pathways than those that support gains in reading for typically developing children. This finding encourages consideration of intervention approaches that capitalize on alternative reading strategies in addition to current interventions that build on typical reading instruction. Indeed, those children in this sample who received typical interventions progressed no more than those who had not received such interventions. Second, although fMRI is typically viewed as a research tool that has little practical implication for an individual with dyslexia, the present findings, as well as prior ERP studies (e.g., ref. 45) , suggest that brain measures may already better predict long-term outcomes in reading development than available behavioral measures. The MVPA findings in the present study, that predicted which particular children would or would not advance in reading over the next 2.5 y, also suggest that such brain measures have promise for identifying individual children's future reading trajectory.
In general terms, these findings suggest that brain imaging may play a valuable role in neuroprognosis, the use of brain measures to predict future reductions, or exacerbations of symptoms in clinical disorders. Although much has been learned about the brain basis of dyslexia and other neurobehavioral disorders, it has been unclear as to how such brain measurement can enhance the treatment of those disorders. Brain imaging, however, has shown value in predicting recovery from depression 8 mo later (47) , relapse in methamphetamine dependence 1 y later (48) , and onset of psychosis in at-risk individuals (49) . Further, imaging studies have predicted response to treatment for depression (50, 51) , anxiety (52), and cognitive-behavioral therapy in schizophrenia (53) . In many of these cases, the brain measures were superior in predicting recovery relative to conventional tests or ratings scales, as was the case in this study. Altogether these findings motivate further research into discovering whether neuroprognosis is useful for identifying treatments that are more or less likely to lead to recovery for an individual and for discovering neurobiological variation within diagnostic categories that are important for treatment selection and effectiveness.
Methods
Participants. Participants were 45 healthy native English-speaking children with (n = 25, 21 with DTI data) and without (n = 20, 17 with DTI data) dyslexia (Table S1 , SI Results, and SI Methods).
Criteria for Dyslexia and Behavioral Assessment. Reading ability and intelligence were assessed by using standardized measures at baseline (Time 1) and 30 ± 2 mo later (Time 2) (Table S1 and S2). Criteria for dyslexia were met if a child's behavioral performance fell within the following limits on age-adjusted tests: performance on a composite score of timed decoding and single word reading within the lower 25th percentile, i.e., Task Design, fMRI, and DTI Image Acquisition and Processing Procedures. A written word rhyme task was used as the fMRI task at Time 1 (SI Methods).
fMRI Data Analyses. Each subject's data were high pass filtered at 97 s and analyzed by using a fixed effects model comparing task vs. rest. The two ROIs were defined as bilateral inferior frontal (pars triangularis, pars opercularis, and precentral gyrus) regions by using the Automated Talairach Atlas Label (AAL) (www.cyceron.fr/web/aal__anatomical_automatic_labeling.html) in the WFU PickAtlas toolbox (http://fmri.wfubmc.edu/cms/software#PickAtlas). Group analysis was performed with a random effects model (54) by using the rhyme vs. rest contrast images for each dyslexic and control group independently. Primary analyses were restricted to the two ROIs of interest. Whole brain analyses performed as control analyses, not restricting to these ROIs, are noted in the results wherever applicable. Simple regression analyses were performed for the dyslexic and control groups independently to examine associations between brain activation at Time 1 and gains in reading over 2.5 y, i.e., WRMT WID[ss] increase per year. To examine whether activation in the two ROIs also correlated with baseline single-word reading skills, correlation analyses with Time 1 WRMT WID[ss] and brain activation were also performed for each group separately. Further, age was correlated with activation in these two ROIs to examine (cross-sectional) developmental effects.
A statistical threshold of P = 0.05 for voxel-height (uncorrected) was used, which then was thresholded at a voxel-wise threshold of P = 0.05 for familywise error (FWE) after small-volume correction (SVC). Further, this threshold was Bonferroni corrected for the number of ROIs tested (i.e., 2 ROIs, right and left inferior frontal region, so that the P values were doubled).
DTI Data Analyses. We used the Reproducible Objective Quantification Scheme (ROQS), which is a semiautomated ROI approach in native space that segments white matter structures based on user-selected seed pixels (55) . Selection and analysis was implemented with software written in Interactive Data Language v6.0 (IDL; Research Systems). Left and right SLF (including AF) were chosen on an a priori basis because of its known role in language processing and reading and its connection to the ventrolateral prefrontal and parietotemporal language systems (26, 27) and disruption in dyslexia (refs. 28 and 29 but note 30). The investigator placing seeds was blind to subjects' diagnoses. Mean FA values were calculated for each subject and each tract. Associations between FA values and reading gains (slope-WID[ss]) were examined for the dyslexic and control groups. Associations between brain activation determined above and FA values were examined by extracted fMRI contrast estimates (linear combination of beta estimates) and by fMRI whole-brain regression analyses by using the FA values as covariates of interest. MVPA. We performed leave-one-out linear SVM analysis (regularization parameter C = 1) by using in-house tools based on Matlab (Mathworks) (56) . Classification accuracy (accuracy of which children with dyslexia showed improvement/positive change were classified as "+1" and those who did not improve/negative change were classified as "−1" relative to the total group), sensitivity, specificity, and positive predictive value were calculated for each classification. Further, distance measure derived from the classifier (e.g., a large positive distance measure of a child who improved in reading over time will indicate that the brain-based classifier was highly confident that the child improved) was correlated with change in reading ability (slope-WID[ss]) to support the validity of the classifier. In the dyslexic group, this was compared with classification performance based on using the results from combining all behavioral measures (subtests and total scores) and univariate analyses (i.e., SVM with either the mean level of right IFG activation as the only feature, right SLF FA values as the only feature, or the combination of the two). Significance was determined by using permutation analysis by randomly reassigning class labels 2,000 times (P < 0.05). See SI Methods for details.
